In order to clarify the effect of nitrogen-water mist two-phase flow on extinguishing spontaneous combustion of residual coal, experiments were carried out in similarity model of mine goaf by using self-designed device. The experimental results indicated that the average cooling rates of 1-6# K type thermocouple temperatures in goaf were 24.6°C/min, 8.3°C/min, 4.2°C/min, 12.3°C/min, 8.1°C/min and 19.2°C/min during the period of 55-80 min when nitrogen-water mist was applied to combustion area. After the application of nitrogen-water mist, the consumption rate of O 2 in the experiment was reduced from 3.16 × 10 -4 m 3 /s to 1.41 × 10 -4 m 3 /s; the generation rates of CO, CO 2 were reduced from 3.91 × 10 -5 m 3 /s, 1.74 × 10 -4 m 3 /s to 1.69 × 10 -6 m 3 /s, 6.57 × 10 -6 m 3 /s, respectively; the generation rate of H 2 was reduced from 1.41 × 10 -5 m 3 /s to 3.6 × 10 -8 m 3 /s; the emission rate of CH 4 was reduced from 1.05 × 10 -5 m 3 /s to 7.78 × 10 -7 m 3 /s. The experimental results suggested that nitrogen-water mist could effectively suppress the burning of coal and reduce the generation amount of toxic and harmful gas in mine goaf.
INTRODUCTION M
INE fire is one of the five major disasters in coal mine and coal spontaneous combustion is the main cause of coal mine fire. In China, more than 50% mines have the hazard of spontaneous combustion. Spontaneous combustion of coal mine accounts for 94% of the total number of mine fire and 60% of this is the spontaneous combustion of residual coal in goaf. The goaf fire will not only cause the loss of coal resources, the burning of mechanical equipment, but also can cause methane and coal dust explosion, the formation of high temperature flame, produce large amounts of toxic and harmful gases, bring serious threats to the safety of workers underground [1, 2] .
At present, the major goaf fire prevention and extinguishing technologies are as following: plugging and pressure balance fire prevention and extinguishing technology [3] , grouting fire prevention and extinguishing technology [4] , inhibitor fire prevention and extinguishing technology [5] , gel fire prevention and extinguishing technology [6] , three-phase foam fire prevention and extinguishing technology [7] , inert gas fire prevention and extinguishing technology [8, 9] , etc. Different techniques are difficult to achieve good results between the control effects and the economic benefits [10] .
The nitrogen fire prevention and extinguishing technology in goaf is simple, low cost, good effect, no pollution to the regional fire, no damage to the equipment, and it can reduce goaf air leakage and dilute methane. However, there are also some shortcomings, such as poor cooling effects, defect of eliminating the high temperature point. Water mist fire prevention and extinguishing technology can control, suppress and extinguish fire by cooling, smothering, isolating the heat radiation and weeting, etc. It has dual functions and advantages that can be found in the water spray technology and inert gas fire extinguishing technology. Compared with the traditional fire protection and extinguishing technologies, it also has the advantages of good effect on fire prevention and extinguishing, low water consumption, no pollution, nozzle is not easy to plug and so on. It is the ideal selection of Halon extinguishing system and is named as the 21st century green fire technology [11] [12] [13] [14] .
The nitrogen and water mist gas-liquid two-phase flow fire prevention and extinguishing technology [15] [16] [17] has nitrogen's function of inerting and suppressing explosion. Meanwhile, this thchnology takes nitrogen with pressure as air supply and generates wa-ter mist through the interaction of nitrogen and water, then cools the high temperature coal with three-dimensional coverage, which comprehensively utilizes the advantages of nitrogen and water mist and realizes the effecticve prevention and extinguishing of fire in goaf. This technology can let water mist migrate to most area of the goaf under the driving of nitrogen, expand the fire extinguishing scope of water mist. The strong capacity of cooling, smothering, isolating heat radiation and weeting of water mist can make up for nitrogen's poor cooling effect and the disability of eliminating high temperature. The introduction of nitrogen makes the preparation for water mist more easily.
EXPERIMENTAL SYSTEM
The application examples of nitrogen-water mist two-phase flow fire prevention and extinguishing technology in coal mine goaf are few, and the study of it is still in the experimental stage. In addition, there is a great danger when fire occurs in goaf. So, this paper builded the experimental system that used two-phase flow to extinguish fire in goaf based on similarity theory, and then did the experimental study.
The experimental coal samples were taken from the 8# coal seam of Ximing coal mine of Shanxi Coking Coal Group Co., Ltd in Shanxi provience of China.
Experimental Model
This system was mainly composed of three parts: water mist generating device of gas-liquid two-phase flow (Part I), combustion model of residual coal in goaf (Part II), signal acquisition and data processing module (Part III). The experimental system is shown in Figure 1 .
Water Mist Generating Device of Gas-liquid Two-phase Flow
Based on water mist atomizing technologies [18] [19] [20] [21] , twin-fluid water mist spray technology to produce nitrogen gas and water mist two-phase flow was used in the experiment. The gas explosion internal mixing QBNW-1 type two-phase flow atomized nozzle was designed and produced. The physical model and the internal structure of the nozzle are shown in Figure 2. In the working process, strong collision occurred between the high speed air and the water flow in the nozzle. The huge shearing action of air flow got the water fully atomized. In this way, preparation for nitrogen-water mist two-phase flow was realized. Then, the nitrogen-water mist was injected into the burning goaf, and the nitrogen-water mist extinguishing fire experiment was carried out.
Combustion Model of Residual Coal in Goaf
The combustion model of residual coal in goaf (shown in Figure 1 , Part II) was set up based on similarity theory. The size of the model was 950 mm × 600 mm × 400 mm; the front bottom of the box was a rectangular coal mining working face whose size was 600 mm × 150 mm × 150 mm; the rest of the model was goaf. Two iron piples with the diameter of 100mm and the length of 250 mm were weided closely next to the front edge of box model, which were used to simulate the air intake roadway and air return roadway of the working face. Another piple with the diameter of 100 mm and the length of 250 mm was weided closely next to the right behind edge of box model, which were used to simulate the air leakage roadway of the goaf.
The electric heating wire, coal seam of 100 mm thickness, a mixture of coal and coal gangue of 50 mm thickness, coal gangue of 250 mm thickness were laid from bottom to top in the goaf. A centrifugal fan was installed in the air intake roadway. The fan's speed was controlled by frequency conversion system to realize the adjustment of air volume. The air volume was measured by using multifunctional ventilation parameter instrument.
Signal Acquisition and Data Processing Module
Temperature and generating gases were choosen as the judgement indexes for fire extinguishing effect. In the combustion model of residual coal in goaf described above, two rows of six K type thermocouples were arranged on the plane above the bottom of the rectangular box model at a distance of 70 mm (each row evenly arranged three K type thermocouples along the deep goaf). One K type thermocouple and one gas sampling hole were arranged in the simulated air return roadway and air leakage roadway. The insertion depths of the two rows of six K type thermocouples in the goaf were 175 mm; the insertion depths of the two K type thermocouples in air return roadway and air leakage road was 50 mm.
All of the K type thermocouples mentioned above were connected to the eight way temperature display control instrument. The eight way temperature display control instrument was connected to the computer, which monitored and recorded the temperature changes of the whole fire extinguishing process in real time.
Experimental Method
Two groups of experimental study were designed in this paper: (1) Experiment of coal combustion in goaf; (2) Experiment of extinguishing fire in goaf using nitrogen-water mist. The former was used as the contrast test of the latter. During the experiment, temperatures of the eight K type thermocouples were monitored timely and the gases of N 2 , o 2 , CO, CO 2 , H 2 , CH 4 in air return roadway (gas sampling hole of No. 1) and air leakage roadway (gas sampling hole No. 2) were analysed regularly.
Experimental Process
The process of the experiment of extinguishing fire in goaf using nitrogen-water mist was as follows: (1) installing water mist generating device of gas-liquid two-phase flow, combustion model of residual coal in goaf, signal acquisition and data processing module; (2) debugging water mist generating device of gas-liquid two-phase flow, signal acquisition and data processing module; (3) arranging the gas-liquid twophase flow water mist spray nearby the down corner of the working face through the pre-opened holes in the working face side of the combustion model of residual coal in goaf; (4) putting coal seam of 100 mm thickness, a mixture of coal and coal gangue of 50 mm thickness, coal gangue of 250 mm thickness`into the combustion model of residual coal in goaf from botom to top; (5) regulating and controlling the air volume of air intake roadway by frequency conversion control system; regulating and controlling the air volume of simulated air return roadway and air leakage roadway by ligating airduct; (6) conecting the super power heating furnace wire laid at the bottom of the combustion model of residual coal in goaf, and then lighting the residual coal; (7) turning on the water mist generating device of gas-liquid two-phase flow to carry on the extinguishing experiment; (8) observing and recording the number of K type thermocouples at different stages of the process of extinguishing fire, and using gas chromatograph to analyze the gas samples at the same time; (9) dealing with and analysing the experimental data; (10) drawing the correct conclusions.
Experimental Parameters
The two groups of experiments both used electric furnace wire heating 120 min (after that, the residual coal in goaf had been in the combustion stage) and taked this 120th minute as the starting time of the experiment.
The experiment of coal combustion in goaf was divided into two stages: combustion under normal ventilation condition (I) (0~40 min); combustion under the condition of air leakage when goaf was sealed (II) (40~120 min). The experiment of extinguishing fire in goaf using nitrogen-water mist was divided into four stages: combustion under normal ventilation condition (I) (0~40 min); combustion under the condition of air leakage when goaf was sealed (II) (40~55 min); extinguishing fire using nitrogen-water mist (III) (55~80 min); combustion under the condition of air leakage when goaf was sealed (IV) (80~120 min).
Experiment of Coal Combustion in Goaf
The parameters of the experiment of coal combustion in goaf are shown in Table 1 .
Experiment of Extinguishing Fire in Goaf Using Nitrogen-water Mist
The parameters of the experiment of extinguishing fire in goaf using nitrogen-water mist are shown in Table 2 .
The parameters of nitrogen-water mist generating device are shown in Table 3 . 
MATHEMATICAL MODEL OF THE DYNAMIC CHANGE OF GAS COMPOSITION IN EXPERIMENT
In the experiment, the accurate quantitative analysis of dynamic changes of N 2 , o 2 , CO, CO 2 , H 2 and CH 4 component can directly reflect the effect of nitrogenwater mist on fire extinguishing. The mathematical model of dynamic change of gas component was established based on mass conservation law in the combustion model of residual coal in goaf.
In order to simplify the model, the following assumptions were made: (1) The density of each gas component was constant in the experiment. (1) and (2), m in , m out , m leakage , m injection are gas mass in air intake roadway, air return roadway, air leakage roadway, injected gas, K g ; m consumption is the gas mass consumed in goaf, which is the consumption of O 2 in this paper, K g ; m generation is gas mass generated in goaf, which are the generation of CO, CO 2 , H 2 and the emission of CH 4 in this paper, K g . Then Equations (3) and (4) In Equations (3) and (4), Q in , Q out , Q leakage , Q injection are gas volume flow in air intake roadway, air return roadway, air leakage roadway, injected gas, m 3 /s; C in , C out , C leakage , C injection are gas volume concentration in air intake roadway, air return roadway, air leakage roadway, injected gas, %; q consumption is gas consumption rate in goaf, m 3 /s; q generation is gas generation rate in goaf, m 3 /s.
EXPERIMENTAL RESULTS AND ANALYSIS

Experimental Results
The Atomization Effect of Nitrogen-water Mist Generating Device
Droplet size is an important parameter to measure the spray quality. In this paper, the CCD image sensing technology was used to measure the particle size of water mist produced by nitrogen-water mist generating device. The droplet's micro-image is shown in Figure 3 .
The droplet's number median diameter (NMD) and volume median diameter (VMD) are commonly used to measure the performance of spray atomization. In the experiment, the number of water droplet samples was 2400, and the water mist particle size distribution is shown in Figure 4 . 
The results were as follows:
The droplet's evenness degree is expressed by DR,
When the DR is greater than 0.67, the droplet's uniformity is thought to be good. Therefore, the water mist produced by the nitrogen-water mist generating device met the requirements of water mist definition [22] .
Temperature Changes During the Experimental Process
The temperature changes of internal goaf (thermocouples from No. 1 to No. 6), the gas temperature changes of air return roadway (thermocouple of No. 7) and air leakage roadway (thermocouple of No. 8) were shown respectively in Figure 5 and Figure 6. 1. As shown in all the stages of Figure 5 and the first two stages of Figure 6 , after the occurrence of combustion of residual coal in goaf, sealing goaf could slow down the combustion rate of coal. However, it was difficult to extinguish the fire in goaf at a short time, and the supply of oxygen was sufficient to maintain the combustion process under this condition. 2. By calculating the data obtained from stage of extinguishing fire using nitrogen-water mist (55~80 min) in Figure 6 , Figure 6 ), the thermocouples' temperature from No. 1 to No. 6 were still in decline and finally tended to be stable under the condition of air leakage when goaf was sealed. The results showed that, nitrogenwater mist could quickly and effectively reduce the temperature of the goaf; After stopping applying nitrogen-water mist, the phenomenon of reburning did not appear; Combustible gas or water gas explosion will not occur after nitrogen-water mist is injected into the goaf with the reasonable parameters design and operation. After the application of nitrogen-water mist, the temperature of No. 7 thermocouple came to a brief rise, and then began to fall; the temperature of No. 8 thermocouple had been in the process of decline. The main reasons for these were that, after the application of nitrogen-water mist, water mist came in contact with the high temperature coal and rock mass, and the vaporization occurred, thus high temperature water vapor (the temperature was about 100°C) was generated. The high temperature water vapor was discharged along the air return roadway and air leakage roadway. At this time, the smoke temperature of the air return roadway was lower than water vapor's, which led to the rising of its temperature. Then with the increase of nitrogen and water mist, the temperature of the coal and rock in goaf declined gradually, the amount of the water vapor reduced significantly and the smoke temperature in air return roadway was down.
Because the smoke temperature in the air leakage roadway was higher than water vapor's, so the smoke temperature did not rise in the whole process. Thus, in the early stage, when nitrogen-water mist was used in the extinguishing of goaf fire, we should prevent the secondary disasters caused by the high temperature water vapor. 3. Through the analysis of stage of extinguishing fire using nitrogen-water mist (55~80 min) in Figure 6 , the following results can be obtained. Among the thermocouples from No. 1 to No. 6, the thermocouple of No. 5 was located in the deepest part of the goaf in which area the ventilation was most poor, and its temperature dropped significantly, which showed that nitrogen-water mist had adequately spread to this area and the nitrogenwater mist had good penetration ability. The direct influence of nozzle spray on No. 4 and No. 6 thermocouple was small, but the dropped range of temperature was still very large, even more than the No. 3 and No. 5 thermocouple regions which were closer to the nozzle's direct acting distance, which showed that the nitrogen-water mist had great spread-extent in the whole goaf.
Due to the direct influence of nitrogen-water mist, the temperature of No. 1 thermocouple decreased most obviously. The final temperature value of No. 2 thermocouple was the highest among the six thermocouples. The main reason was that air leakage was more serious and water mist diffusion and migration were difficult in this area. The No. 3 thermocouple was located on the side affected directly by the nozzle, and it was more close to the working surface than No. 5 thermocouple. But its final temperature value was slightly higher than No. 5 thermocouple, which illustrated that air leakage near No. 3 thermocouple was serious, and the air leakage was more conducive to the combustion of coal compared with No. 5 thermocouple. Therefore, in the work of nitrogen-water mist fire prevention and extinguishing in goaf, special precautions should be taken to strengthen the extinguishing intensity of the region where air leakage existed seriously and water mist could not reach adequately.
Changes of Oxygen and Nitrogen Concentration During the Experimental Process
In the experiment process, the changes of O 2 , n 2 concentration in No. 1 and No. 2 gas sampling holes were shown in Figure 7 , Figure 8. 1. In Figure 7 , on the condition of sealing goaf after the combustion of residual coal, O 2 , n 2 concentration remained basically unchanged in air return roadway. After the application of nitrogen-water mist, O 2 concentration decreased sharply and the n 2 concentration increased sharply. Once the application of nitrogen-water mist was stopped, the concentration of N 2 and o 2 quickly returned to the original level. 2. In Figure 8 , the experiment of extinguishing fire in goaf using nitrogen-water mist, at the fire extinguishing stage, the concentration of N 2 in air leakage roadway increased sharply, while the O 2 concentration also increased, which showed that the oxygen consumption in the process of coal combustion was greatly reduced, and the whole combustion process was effectively suppressed. After stopping the application of nitrogen-water mist, the concentration of O 2 in air leakage roadway further increased and was close to the O 2 concentration of atmospheric, which showed that the fire in goaf had been extinguished and didn't re-ignite. 3. Results can be got from Equations (3) and (4) and the experimental data that the consumption rate of o 2 in goaf was reduced from 3.16 × 10 -4 m 3 /s in 47 min to 1.41 × 10 -4 m 3 /s in 90 min.
The Changes of Toxic and Harmful Gas Concentration During the Experimental Process
The fire in goaf produced CO, CO 2 , H 2 , C 2 H 2 , C 2 H 4 , C 2 H 6 and other gases. At the same time, there would be a large amount of CH 4 emission. The changes of gas concentration of H 2 , CO 2 , CH 4 and CO during the experiment process were analyzed and studied mainly. Figure 9 and Figure 10 showed the changes of CO, CO 2 concentration in air return roadway and air leakage roadway.
The Changes of CO, CO 2 Concentration
As shown in Figure 9 and Figure 10 , using technology of sealing goaf to reduce the leakage of air could inhibit the residual coal combustion to a certain extent. However, due to incomplete combustion, it would increase CO generating quantity, which had a great harm to people. Hence, it was difficult to realize the effective control of the fire by sealing the goaf.
During the process of using nitrogen-water mist to extinguish the fire in goaf, nitrogen-water mist could quickly reduced the generating quantity of CO and CO 2 . Till the experiment was finished, the concentration of CO and CO 2 in air return roadway were reduced to 37 ppm, 441 ppm and the concentration of CO and CO 2 in air leakage roadway were reduced to 156ppm, 450 ppm. Results could be got from Equations (3) and (4) Figure 11 and Figure 12 showed the changes of H 2 , CH 4 concentration in air return roadway and air leakage roadway.
When coal in goaf was burning, a large amount of H 2 was produced under certain conditions. H 2 is one kind of combustible gas, which will explode under certain conditions. There was a large amount of CH 4 gas in the mine goaf, and the fire in mine goaf affected the emission quantity of CH 4 .
As shown in Figure 11 and Figure 12 , at the initial stage of using the technology of sealing goaf, the emission of H 2 , CH 4 in air return roadway and air leakage roadway greatly increased and then began to reduce dramatically, but ultimately they still maintained at a higher level. Therefore, when the goaf is sealed after the combusition, we should observe and control the emission of H 2 , CH 4 in air return roadway and air leakage roadway at the initial stage, and prevent the H 2 , CH 4 explosion and personnel suffocation accident caused by high concentration of H 2 , CH 4 . To the end of the experiment, the emission of H 2 and CH 4 in air return roadway were reduced to 0 ppm, 3ppm, and the emission of H 2 and CH 4 in air leakage roadway were reduced to 15 ppm, 37ppm. Results could be got from Equations (3) and (4) 
Analysis of Experimental Results
In the process of the experiment of extinguishing fire in goaf using nitrogen-water mist, after the application of nitrogen-water mist, a large amount of injected nitrogen rapidly reduced the oxygen concentration in goaf, and made the goaf in positive pressure, thus cutting down the amount of air leakage. Nitrogen entered into the fissures of coal surface, displaced some oxygen, carried on the exchange adsorption with coal microcosmic surface, reduced the coal surface oxygen adsorption capacity, then the oxidation of residual coal was slowed down or inhibited in a great extent. The injected nitrogen inerted the goaf, narrowed the explosion scope of combustible gas and water gas, inhibited the phenomenon of explosion. A large amount of water mist came into the goaf along with nitrogen and leakage air. The water mist came into the goaf vaporized rapidly when it encountered the high temperature coal and rock mass. The vaporization process absorpted a large amount of heat and then rapidly reduced the temperature of the goaf. In the vaporization process of water mist turning into water vapor, its volume expanded rapidly, which formed a barrier in the fire area, prevented the inhalation of fresh air, reduced the oxygen volume fraction in the fire area together with nitrogen, and eventually inhibited the residual coal combustion. The water vapor formed when water mist was sprayed into the fire area could quickly envelop burning objects, flame and smoke plume, avoid the transmission of flame thermal radiation at a certain extent, prevent the flame overspreading effectively. The water mist that got into the goaf reached the surface of residual coal, made residual coal fully wetted, which prevented the further production of the volatile combustible gas and realized the purpose of fire extinguishing and preventing the fire from spreading.
Nitrogen-water mist could effectively inhibit the generation of poisonous and harmful gases of CO and CO 2 , avoid the disasters caused by CO and CO 2 in the fire and inhibit the generation of H 2 and the emission of CH 4 . In addition, water mist could wash smoke and exhaust gas in fire area, reduce the influence of them on the working face. The ability to inhibit the production of toxic and harmful gases by water mist consisted of three aspects: (1) Water mist inhibited the combustion, reduced the toxic and harmful gas generation rate significantly; (2) Water mist's particle size was small and specific surface area was large, so it could play a significant role on the dilution and replacement of gas in confined space; (3) Water mist could absorb soluble gas of combustion products. The ability to inhibit the production of toxic and harmful gases by water mist could reduce the poisoning and suffocation risk for people in fire.
CONCLUSIONS AND RECOMMENDATIONS
The results of this study showed that nitrogen-water mist could effectively suppress the burning of coal and reduce the amount of toxic and harmful gas generation and methane emission in goaf. Nitrogen-water mist two-phase flow fire prevention and extinguishing technology can be used as a new technology in the governance of spontaneous combustion in goaf.
Water mist technology not only has an excellent effect on mine fire, but also can effectively reduce the concentration of underground dust (especially the respiratory dust) [23, 24] and restrain methane, dust explosion [25] [26] [27] . The nitrogen-water mist research has important sense on solving fire, coal dust, methane disaster of coal mine. Coal mine industry should establish the standards that are suitable for the use of water mist in mine as soon as possible [28] .
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